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The reconstitution reaction of glucose oxidase from FAD and apoenzyme was studied :
(1) Unimolecular reaction takes part in the reaction of glucose apooxidase with FAD as a rate limiting step.
(2) At the very initial stage of the reaction, intensity of the fluorescence derived from FAD was observed to increase rapidly and to be quenched slowly after reaching the maximum state.
(3) When glucose apooxidase was incubated with several nucleosides, nucleotides, FMN and riboflavin, FAD incorporation into apoenzyme was strongly inhibited by adenosine, moderately by guanosine and adenine, and was not inhibited by FMN and riboflavin.
(4) An allosteric transition induced by FAD molecule itself probably occurred in the course of the reconstitution reaction, and the second FAD molecule seemed to be likely incorporated spontaneously soon after the first FAD was incorporated.
(5) The mechanism that FAD is first bound to the apoprotein via adenosine residue was confirmed judging from the considerable strength of adenosine and the relative weakness of FMN or riboflavin for the inhibitory effect of the reconstitution reaction.
Glucose oxidase (EC 1.1.3.4) had already been established as a single flavoprotein con taining 2 moles of FAD per mole of protein by many workers (1, 2, 3) . FAD in glucose oxidase was tightly bound to the apoenzyme and could not be removed from the enzyme by dialysis. It is said that FAD incorporated in an apoprotein as a cofactor becomes nonfluo rescent (4, 5) except for the case of lipoamide dehydrogenase (6, 7) . This phenomenon sug gests the interaction of isoalloxazine residue with the protein and the long process of the incorporation of apoenzyme with flavin co enzyme such as FAD or FMN seems to have the significance in the reappearance of activity and also the construction of the active center of the flavin enzyme.
In the previous paper (8), we reported that a crystalline riboflavin-tryptophan complex was separated from an acidic alcohol solution consisting of riboflavin and tryptophan.
The possibility of the fluorescence quenching and the interaction between flavin coenzyme and tryptophan residue in a naturally occurring fl avoprotein could be deduced from that report. MacKenzie et al. (9) also synthesized flavinyl tryptophan, -tyrosine and -phenylalanine pep tides to visualize the flavin-aromatic amino acid interaction in the very dilute solutions, sug gesting that the flavinyltyrosine peptides showed several-fold less fluorescence quenching than the corresponding flavinyltryptophan in aqueous solution. We wish here to focus attention on the quenching effect of fluorescence in the reconstitution reaction. Furthermore, the con formational change of protein extensively studied by Swoboda (10) oxidase was tested with acrylamide-gel electro phoresis ( Fig. 1 ) and the ultracentrifugal analy sis and spectrophotometric measurements were carried out as shown in Fig. 2 and Fig. 3 . From the protein concentration and the intensity of fluorescence derived from FAD which was liberated by adding 1N H2SO4 to the sample followed by neutralizing with 1 N Na2HPO4 solution (13) , the binding ratio of FAD was determined to be 2 moles per mole of apo protein assuming that the molecular weight was 154,000 according to Swoboda (10) as summarized in Table 1 the unimolecular one as shown in Fig. 5 (B) , and therefore, the incubation time may be con sidered constant independent of the concentra tion of apo-and coenzyme initially added. 4. Inhibition by Adenosine and its Analogues FAD consists of biologically important two parts, isoalloxazine and adenosine.
It is interesting to know which part is incorporated first, when FAD is incorporated in an apo enzyme. These compounds to be examined have either a part or the whole of their chemical structure in common with a part of the FAD molecule; therefore they might be expected to compete with FAD for the same binding sites.
The activity of regenerated enzyme was measured colorimetrically in three different ways. The apoenzyme was either (A) preincubated with inhibitor and assayed in the presence of FAD or (B) added to a mixture of FAD and inhibitor and assayed after the preincubation or (C) preincubated with FAD and assayed in the presence of inhibitor. The results of the experiment are shown in Table  2 . The incorporation of FAD was strongly inhibited by adenosine, moderately inhibited by guanosine and adenine, however, inosine had no effect. And also, substitution of deoxyribo f uranosyl for the ribof uranosyl part of adeno sine showed the inhibitory effect but to much 6(B) ) and Hill's equation (Fig. 6 (C) ), and the slopes (n) of the curves were calculated. The enzyme also showed a marked cooperative effect with respect to adenosine, and the sigmoidal dependence on FAD concentration did not change in the presence of adenosine. Since adenosine does not affect the affinity of FAD to apoenzyme, its function seems to be non-competitive type. It should be also noted that the first FAD molecule itself affects the apoprotein conformation to facilitate the second FAD as in the case of 02 binding to hemo globin suggested by Haber and Koshland (14) . This observation seems in better agreement with Antonini's (15); he has developed the idea that much of the cooperativity of ligand binding by hemoglobin is derived from interac tion between pairs of hemes. protein-adenosine complex from which adeno sine cannot be displaced by FAD.
Fluorescence Change in Reconstitution Reaction
The mechanism of the rapid increase of the fluo rescence will be discussed below.
Effect o f pH on Reconstitution Reaction
To examine the incorporation ability of FAD to glucose apooxidase, the apoenzyme was incubated with different kinds of buffer (pH range 1-10) for 1 hr at room temperature and the regained activity was assayed under the standard conditions. The pH dependence of FAD fluorescence was also plotted in the same figure. Fig. 8 From the experiment on inhibition by the various FAD analouges and its constituents, it was confirmed that the adenine part of FAD was first incorporated as previously pointed out by Swoboda (10) on the glucose apooxidase system. This result is in good agreement with the scheme proposed by him; however, some discrepancies have also been found (a) in the inhibitory effect of adenosine and (b) in the rapid increase of fluorescence intensity at the very initial stage of the reconstitution re action-Changes in polarization of the flavin fl uorescence have not been examined. These phenomena may be interpreted either as the instantaneous effect of hydrophobic circum stances brought about by the change of protein conformation as considered by Casola et al. (6) in the case of lipoamide dehydrogenase, or as the rupture of an intramolecular complex of FAD, a relatively weak fluorescent species. The intramolecular complex of FAD between isoalloxazine and adenine moieties under the usual conditions was supported by many workers based on absorption spectrum (16), fluorescence spectrum (17), optical rotatory dispersion (18) and theoretical consideration (19) . Therefore, the facts that the rapid increase of flavin fluorescence only at the very initial stage, relatively low effect on the tryptophan fluorescence (see Fig. 7 ) and the possibility of FAD incorporation in a low pH (see Fig. 8 ) were amply explained by supposing the latter case. Herewith, we propose a schema as shown in Fig. 9 , in which the fluorescence derived from the free isoalloxazine nucleus should be observed with the inactive form.
The apoenzyme previously preincubated with adenosine for 1hr cannot have further fluorescence in spite of the addition of FAD (Fig. 7) , because o£ the failure in the incor poration of adenine moiety.
The kinetic difference between the treated and untreated glucose apooxidase with adenosine, judging from the Hill's equation (15) , is in the Vmax but not in Km value. Therefore, the allosteric transition induced by FAD itself might be essentially due to the adenine moiety.
